INTRODUCTION
(Potri11G4700), Nicotiana benthamiana (Niben8991) and Cucumis sativus 187 (Cucsa52640). Such proteins were recombinantly produced, and ADT activity was 188 determined at an initial concentration of Phe (100 μM) and compared to the control 189 (absence of Phe) (Figure 3B) . The four type-I enzymes exhibited a strong decrease in 190 ADT activity (>90%) at 100 µM of Phe, similar to the type-I enzyme PpADT-G. In 191 parallel, we performed the same experiment by taking four type-II enzymes: AtADT4 192 (from A. thaliana), Potri4G188100 (from P. trichocarpa), Orisa4G33390 (from Oryza 193 sativa) and Zeama2G125923 (from Zea mays). The ADT activity exhibited by the type-II 194 enzymes was not significantly affected by the concentration of Phe employed for the 195 assay (Figure 3C) , confirming our previous observations in demonstrating that deregulated ADTs are widespread in flowering plants. 197 198 Overexpression of type-II ADTs has a major impact on Phe levels in planta 199 To test the physiological significance of allosteric deregulation of type-II ADTs, we to an average level of 4, 32 and 6-times those the control (GFP), respectively. In 204 contrast, the Phe levels in the leaves overexpressing the type-II enzymes PpADT-A were found to be approximately 145 and 160 times higher compared to the 206 control, and up to 40 times higher compared to the type-I enzymes (Figure 4) . The 207 levels of the enzymes were determined by western blotting in the same samples 208 (Supplemental Figure 3) , indicating that the large differences observed in Phe content 209 cannot be attributed to a higher expression level of type-II enzymes. 210 To further support the essential role of the PAC domain in the allosteric regulation 211 of ADTs, the chimeric enzymes PpADT-Gmut 1 and PpADT-Cmut 1 were included in this 212 experiment. Precedent in vitro characterization indicates that the relaxed regulation by 213 Phe can be exchanged by swapping the PAC domain. Consistently, leaves 214 overexpressing PpADT-Cmut 1 accumulated Phe to a level comparable to leaves differences could be found when compared to the wild type version (Supplemental Figure 3 ). After several attempts, the expression of PpADT-Gmut 1 was found to be 219 highly irregular and undetectable in most of the samples (Supplemental Figure 3) . 220 Overall, differences in Phe accumulation are likely a consequence of different sensitivity 221 of the enzymes to Phe as a negative effector.
223
Various residues within or adjacent to the Phe binding pocket in the ACT domain 224 determine a lower sensitivity to Phe as a feedback-inhibitor 225 Phylogenetic analysis differentiates two groups of ADTs in seed plants with a different 226 sequence in the region that is responsible for the allosteric binding of Phe. Type-I 227 isoforms have Thr/Ser 303 , Leu 304 , Pro 308 , Gly 309 , Ala 314 , Ala 316 , Val 317 , Leu 320 and Asn 324 , ADTs.
233
Therefore, we performed a phylogeny-guided site directed mutagenesis study in 234 PpADT-G. Differences in the consensus sequence between type-I and type-II isoforms 235 were used to generate 11 mutant versions of the PpADT-G (Figure 5B) , and the 236 apparent IC 50 values were determined in their recombinant forms ( Table 2) . IC 50 was 237 found to be significantly increased in the mutant proteins PpADT-Gmut 6 , Gmut 62 , Gmut 8 ,
238
Gmut 10 , Gmut 101 and Gmut 102 , ranging from 184 µM for PpADT-Gmut 10 to 445 µM in 239 PpADT-Gmut 8 (Figure 5C ). On the other hand, mutations affecting the residues Ala 314 , 240 Ala 316 , Val 317 and their combinations (mutant proteins PpADT-Gmut 9 , Gmut 11 , Gmut 12 ,
241
Gmut 13 , and Gmut 16 ) increased the sensitivity towards Phe as inhibitor (Supplemental 242 Figure 5 ). These results indicate that different residues between positions 303 and 324 243 of PpADT-G contribute to modulating the sensitivity to feedback-inhibition by Phe.
245
In silico modeling provides structural support for the deregulation of type-II ADTs 246 To elucidate how the differences in the primary structure of the ACT domain can 247 determine the allosteric response to Phe, PpADT-G and PpADT-C 3D-structures were modeled by homology ( Figure 6) . The PAC region is located at the N-terminal side of 249 the ACT regulatory domain (residues 303 to 324 and 332 to 353 in ADT-G and ADT-C, 250 respectively), encompassing the last three residues of the first β-strand of ACT, the (Figures 6C and D) . In PpADT-Gmut 10 , this substitution was introduced together with 264 Leu 320 Phe (Phe 359 in PpADT-C). The interactions between large residues, such as 265 Phe 312 and Leu 320 (Phe 341 and Phe 359 in PpADT-C) are responsible for tetramerization of 266 the monomers (Figure 6D) . The transition from the relaxed into the tense state involves 267 a decrease in the distance between such residues. As long as Phe is larger than Leu, 268 steric hindrance between the eight Phe rings placed in the ACT tetramer may restrict the 269 concerted movement to reach the tense conformation (see Morph simulation at the 270 Supplemental material). Therefore, both effects, reduction in the affinity for Phe and less Effector-mediated regulation of enzymatic activity is a key control mechanism to 352 maintain amino acid homeostasis (Figure 1) . In the present work, we report that type-I other enzymes from various plants (Figures 2 and 3) . Consequently, the 361 overexpression of type-II enzymes in plant leaves promotes the accumulation of 362 considerably higher levels of Phe than the overproduction of type-I-enzymes (Figure 4) . 363 Interestingly, the overexpression of AtADT4, a type-II enzyme, was previously 364 demonstrated to have a strong impact on anthocyanin accumulation, as a consequence AS, which is expressed in response to certain stimuli that presumably involve the 379 synthesis of major amounts of Trp, is notably less sensitive to Trp as negative effector 380 (K i from 100 μM to 300 μM; Bohlmann et al., 1996; Song et al., 1998) . CM, the 381 commitment step enzyme that channels chorismate into the biosynthesis of Phe and 382 Tyr, is inhibited by both amino acids, whereas Trp promotes its activation (reviewed by 383 Maeda and Dudareva, 2012). The inhibition of plastidial CM by Phe seems to be highly 384 divergent between different groups of plants: K i has been estimated to be 1.1 mM in 385 Papaver somniferum (Benesova and Bode, 1992) 2.6 and 7.4 mM for the two isoforms found in Physcomitrella patens (Kroll et. al., 2017) .
389
Nevertheless, flowering plants possess a cytosolic isoform of CM, which is insensitive to 390 feedback regulation by AAAs (Eberhard et al., 1996; Westfall et al., 2014) . Relative to 391 Tyr biosynthesis, it has been shown that plants in the order Caryophyllales have 392 developed an ADH isoform with relaxed feedback inhibition by Tyr, in a close 393 evolutionary relationship with the production of Tyr-derived betalain pigments in many 394 species from this order (López-Nieves et al., 2018) . The occurrence of these 395 deregulated enzymes highlights that in many cases the production of specialized 396 metabolites in higher plants has evolved to provide a surplus of precursors from the 397 primary metabolism.
398
The kinetic characterization of PpADT-G and PpADT-C indicates the existence of 399 major differences in the mechanism underlying feedback inhibition by Phe. In PpADT-G, 400 we observed that Phe produces a decrease in both K m and V max , an effect that is 401 characteristic of uncompetitive inhibition. The inhibitor is only able to bind the enzyme-402 substrate complex but not the free enzyme. In PpACT-C, the enzyme exhibits a sigmoidal response to substrate concentration in the presence of Phe. The inhibitor the sister group of seed plants (Li et al., 2018) , have unequivocally type-II ADTs. The 435 analysis of 425 sequences from ferns revealed that the key substitutions Thr 303 Ala, 436 Leu 304 His/Gln, Pro 308 Thr, and Leu 320 Phe, which contribute to increasing the IC 50 of the 437 enzyme, have similar frequencies to seed plants (Figure 7) . These mutations usually 438 co-occur in the same enzyme, typically encoded by genes without introns in both 439 pteridophytes and spermatophytes. Lycophytes, the most primitive of the extant vascular 440 plants, are a key group to track the emergence of type-II isoforms. In these plants, 441 isoforms with Thr 303 Ala were observed frequently, as well as Ala 314 Val, Ala 316 Ser,
442
Val 317 Ala, being encoded by intron-less genes (Supplemental Figure 8) . These last 443 residues, although being a characteristic of type-II ADTs, were shown to decrease the 444 IC 50 of the model enzyme PpADT-G (Supplemental Figure 6) . The remaining mutations 445 that define type-II enzymes, especially those predicted to have important structural 446 impact according to our model (Figure 6) , were found to be extremely uncommon in Purple color indicates residues that are preserved between both groups; black color corresponds to barely conserved residues. B) Site directed mutagenesis affecting PpADT-G, replacing residues that are highly conserved in type-I isoforms (green) by the corresponding residues from type-II isoforms (yellow). C) Determination of the IC50 parameter in the mutant versions of PpADT-G with decreased sensitivity to Phe as a negative effector, compared to wild type. Measurements were done in triplicate at a concentration of prephenate of 1 mM. Error bars represent SD. The secondary structure elements of the domain are identified (β1α1β2β3α2β4 fold). In grey, the PAC region in each monomer, encompassing the β1 C-terminal end, β1/α1 connecting loop, α1 and half of α1/β2 connecting loop. The four allosteric Phe are shown in stick representation, two by dimer interface. B) Superposition between ACT dimers from tense (colored by chain as in panel A) and relaxed (grey) structural models, highlighting conformational differences. PAC regions from chains A and B would have to approach to form the cavities. C) Zoom over panel B showing one of the Phe binding sites. The residues that have been mutated in the present work resulting in the increase of Phe IC50 are represented as sticks in the tense (green and cyan) and relaxed (grey) conformations. D) Transparent surface detail of one of the allosteric cavities from PpADT-G (left) and PpADT-C (right) tense structural models, revealing the bound Phe represented as sticks. Residues forming the cavity from chains A and B are shown as green and cyan sticks, respectively. PAC residues from both chains are named with red letters, whereas black letters name cavity forming residues out of the PAC region. PpADT-G residues that have been mutated to the equivalent residues in PpADT-C are underlined in both enzymes. Thr 303 and Leu 320 from PpADT-G (Ala 332 and Phe 359 in PpADT-C) are outside but close to the allosteric cavity. Discontinuous black lines represent polar interactions between residues of the cavity and the allosteric Phe backbone. Asn 324 Ser mutation in in PpACT-C) avoids the interaction with the backbone amino group of Phe and the cavity fails to close properly. Discontinuous red line shows the polar interaction between Ser 338 and Ala 348 in PpADT-C, which is not possible between the equivalent positions in PpADT-G. Amino acid one letter code was used for naming the residues. Red and blue colors were used for oxygen and nitrogen atoms, respectively, in the stick representation. ) and the number of ADT sequences identified (Total seq.) were indicated for each taxon. The conservation of the residues listed, or a chemically similar residue, that characterize type-I ADTs and determine high sensitivity towards Phe as negative effector, were indicated in green. Yellow color indicates the substitution ratio of these residues by their equivalent counterparts in type-II ADTs or similar residues, promoting a relaxed regulation by Phe. Grey color indicates the occurrence of alternative residues.
